The epileptic seizure is a dynamic process involving a rapid transition from normal activity to a state of hypersynchronous neuronal discharges. Here we investigated the network properties of epileptiform discharges in hippocampal slices in the presence of high K + concentration (8.5 mmol/L) in the bath, and the effects of the anti-epileptic drug valproate (VPA) on epileptiform discharges, using a microelectrode array. We demonstrated that epileptiform discharges were predominantly initiated from the stratum pyramidale layer of CA3a-b and propagated bi-directionally to CA1 and CA3c. Disconnection of CA3 from CA1 abolished the discharges in CA1 without disrupting the initiation of discharges in CA3. Further pharmacological experiments showed that VPA at a clinically relevant concentration (100 μmol/L) suppressed the propagation speed but not the rate or duration of high-K + -induced discharges. Our findings suggest that pacemakers exist in the CA3a-b region for the generation of epileptiform discharges in the hippocampus. VPA reduces the conduction of such discharges in the network by reducing the propagation speed.
INTRODUCTION
The epileptic seizure is a dynamic process involving a rapid transition from normal activity to a state of hypersynchronous neuronal discharges. Epileptiform discharges induced in hippocampal slices offer a simple and practical system to study epileptiform pacemaker and propagation mechanisms [1] . The initiation of epileptiform discharges occurs as a progression from local asynchronous to outwardly-spreading synchronous neuronal activity [2] . Intrinsic bursting cells have been shown to play a pivotal role in this process [1, 3, 4] . Rather than a series of sequential initiations, propagation within local neural networks has been suggested as the basis of transmission of activity through a continuum of neuronal populations [5, 6] . The propagation of epileptiform discharges can be understood as a pulse of synchronous activity transmitted from one neuronal population to the next, involving a rapid process during which neighboring neurons are recruited to generate discharges throughout the spatial extent of the network [7] . Previous studies have revealed that an improved understanding of the propagation patterns of epileptiform discharges, such as pathways and speed, could provide valuable insights into understanding the mechanisms of epileptogenesis and lead to better treatment of patients with epilepsy [8] [9] [10] [11] .
The goal of this study was to characterize the spatiotemporal dynamics of epileptiform propagation and the pharmacological effects of the anti-epileptic drug valproate (VPA) on epileptiform discharges in the hippocampal network. The multi-electrode recording technique, which allows for simultaneous multiple-site recordings, was used to record neuronal activity in hippocampal slices during epileptiform discharges and drug application.
of the MEA [13] . A nylon mesh was carefully placed on the slice to immobilize it. The MEA with the slice was quickly transferred to the stage of an Olympus microscope. The slice was perfused continuously with oxygenated ACSF at 0.8 mL/min with a peristaltic pump (Ismatec SA, Glattbrugg, Switzerland) during the whole recording session. The perfusate was pre-warmed to 27°C in a water-bath. The temperature of the MEA chamber was maintained at 35°C with a temperature-control unit (Thermostat HC-X, Multichannel
Systems GmbH, Germany).
MEA Recordings
All data were recorded with an MEA with a 60-channel am- taken from previous studies on the cornu ammonis (CA) [14] .
All signals were sampled at 20 kHz and stored on a PC for offline analysis.
Data and Statistical Analysis
Raw data were taken for offline analysis using MC-Rack (Multichannel Systems GmbH, Germany) and MATLAB (MathWorks, USA) softwares. As in previous studies [10, 15] , The relative onset times of the two components were defined as the time points when the signal overshot the threshold in their respective frequency ranges. As suggested in previous studies [10, 15] , the initiation and propagation of the FP can be judged by comparing the occurrence time of its primary negative peak recorded along the pyramidal cell layer. To quantify the synchronization of neuronal activity during seizures, cross-correlation analysis of MUA was also applied to determine the relationship between signals recorded from neighboring regions [10] . Briefly, the spike trains were represented as "0-1" sequences (bin-width = 1 ms), where "1" means that there is one spike in the time bin of interest and "0" means that there is no spike in that bin.
Then the normalized cross-correlation function was applied in accordance with previous reports [16] as follows:
.
Measurements are expressed as mean ± SEM in the text. Statistical comparisons were made using Student's ttest or one-way ANOVA with a significance level of P <0.05 (SPSS 13.0).
RESULTS

Properties of High-K + -Induced Epileptiform Discharges
After the hippocampal slices were exposed to high-K + (8.5 mmol/L) ACSF for 10-15 min, repetitive epileptiform discharges were recorded from all CA regions (Fig. 1B) . The repetitive discharges appeared at intervals of 2-15 s and consisted of an FP and a cluster of MUA which were superimposed on the FP (Fig. 1C) .
The neuronal firing activity recorded from different sub- 
Initiation and Propagation of High-K + -Induced Epileptiform Discharges in Hippocampal Slices
We next investigated the initiation and propagation of the epileptiform discharges. Fig. 2 shows an example from a representative slice. Electrodes E68, E67, E75, E74, E63, E43, E34, E25 and E16 situated at the pyramidal cell layer were chosen for analyzing the initiation and propagation of the discharges ( Fig. 2A) . By comparing the timing of the negative peaks of the FPs, we found that the initiation site of the discharges along the pyramidal cell layer in this slice was in the CA3a area, and the discharges spread bi-directionally to the CA1 and CA3c regions (Fig. 2B) 
-test).
To confirm the existence of pacemakers in the CA3
sub-area, we performed another set of experiments on slices in which the Schaffer collaterals between CA3 and CA1 were cut. The results showed that this abolished FPs as well as MUA in CA1, while neither the initiation nor the propagation direction of the discharges within the CA3 subregion was affected (Fig. 3) . Similar results were obtained from another two slices.
Pharmacological Effects of VPA on High-K + -Induced Epileptiform Discharges
After the establishment of stable epileptiform discharges for at least 10 min, sodium VPA (100 μmol/L) was applied [17] to the slice. Burst frequency, burst duration and propagation speeds in the slice were measured before, during and after VPA application. In one typical slice, the frequencies of epileptiform discharges before, during and after VPA ap- Table 2 ).
DISCUSSION
Application of MEA to Recording Epileptiform Discharges in vitro
The application of MEA has greatly facilitated studies of the spatiotemporal properties of local networks in epileptiform discharges [12, 16, [18] [19] [20] . Similar to the signals recorded with traditional electrodes [10, 15] , epileptiform discharges are recorded as MUA characterized by a rapid series of action potentials superimposed on an FP (Fig. 1C) . These discharges are thought to have a common electrophysiological basis with the interictal spikes on the EEG in vivo [10] . MEA offers the possibility of monitoring the epileptiform discharges in different sub-regions of rat hippocampal slices and thus provides information on the spatiotemporal dynamics of these discharges.
In order to investigate the spatiotemporal characteris- tics and dynamics of the induced epileptiform discharges, the hippocampal slices were divided into CA3c, CA3b, CA3a, CA1 and DG sub-regions according to the cytoarchitecture reported in previous studies [1] . In the present study, the burst durations and frequencies were averaged from data recorded by two adjacent electrodes located in each sub-region (CA3a, CA3b, CA3c and CA1) along the pyramidal cell layer. Data from all electrodes along the pyramidal layer were used for analyzing the initiation and propagation of the discharges. The main results of our study were that:
(1) discharges were predominantly initiated in the CA3a-b region, and propagated bi-directionally to the CA1 and CA3c areas when the slices were exposed to high-K + ; (2) disconnection of CA3 from CA1 abolished the discharges in CA1 without disrupting the initiation of discharges in CA3; and (3) when 100 μmol/L sodium VPA was added, the speed of the high-K + -induced propagation was reduced, but the rate and duration of discharges were not influenced.
Firing Patterns of Epileptiform Discharges
A recurrent network of excitatory connections, excited by the activation of non-NMDA and NMDA glutamatergic ionotropic receptors, rapidly recruits neurons into the burst onset [4] . Burst activity in the hippocampus can also induce long-term changes in functional synaptic connections, including the potentiation of excitatory synapses between pyramidal neurons and potential functional decreases in inhibitory synaptic connections [21, 22] . The comprehensive effect of these changes is to enhance the excitability of the neuronal network, and they play significant roles in epileptogenesis. Neuronal burst activity occurs in various epilepsy models [3, 15, 23] . In our study, large-scale synchronous epileptiform discharges composed of MUA and FPs emerged abruptly after perfusion with high-K + ACSF (Fig.   1C) , with MUA reflecting the excitability in a small group of neurons and FPs in the EEG band representing synaptic interaction [24] . Cross-correlation analyses based on MUA recorded from different electrodes showed time delays of the activity in different areas, which indicated the propagation of neuronal discharges from the initiation site to the surrounding areas. On the other hand, repetitive synchronized discharges were observed at intervals of 2-15 s in slices during continuous superfusion with high-K + ACSF. A previous study had suggested that the interval between epileptiform discharges depends on the time-course of vesicle replenishment after a burst [25] . Therefore, cell firings (MUA) and synaptic activity (FPs) were both involved in the generation of the discharges.
Initiation of Epileptiform Discharges in Acute Hippocampal Slices
Many regions have been identified as initiation sites of epileptiform discharges in vitro, including CA3 [1, 10, 26] , entorhinal cortex [27] and subiculum [28] . Different experimental methods, epileptic models or animal strains could account for the identification of different epileptogenic foci [29, 30] . In the present study, we specifically focused on high-K + ACSF-induced epileptiform discharges in hippocampal slices using MEA recordings. The initiation site of the discharges was determined by comparing the time-delays of negative peaks of FPs as well as cross-correlations of MUA timing. Our results showed that the initiation site along the pyramidal cell layer was in the CA3a-b sub-region (Fig. 2) . Sectioning the Schaffer collaterals between CA3 and CA1 abolished the bursting activity in CA1, but had no effect on the firing activity in CA3 (Fig. 3) . These results indicate that the dis- sub-area in the slice, compatible with previous reports that pacemaker neurons in these sub-areas play a critical role in the initiation of hippocampal epileptiform discharges [1, 10] .
Propagation Patterns of Epileptiform Discharges in Acute Hippocampal Slices
Two propagation patterns of epileptiform discharges have been reported in hippocampal slices: unidirectional or bidirectional propagation initiated from the CA3 region [10, 27] .
Our results showed that epileptiform discharges induced by high-K + in rat hippocampal slices propagated bi-directionally from the initiation site (CA3a-b) to the CA1 and CA3c subareas. In the propagation process, a small excitatory synaptic input to the follower site can recruit a subset of the neuronal population, mostly bursters, into firing. Once a critical number of neurons are recruited into the discharge zone, the activity of their neighboring neurons becomes synchronous and spatially integrated. The propagation speed of epileptiform discharges is dependent on the integration time required to bring the successive neurons to firing threshold, which is influenced by the structure of the network, synaptic efficiency and the biophysical properties of the cell membrane [4] . The more quickly each neighboring neuron is recruited, the faster the discharge may propagate [8] .
NMDA and non-NMDA receptors (AMPA receptors and kainate receptors) are the main glutamatergic receptors involved in epilepsy. Studies have reported that NMDAreceptor-dependent discharges propagate at about one fifth of the conduction velocity of non-NMDA-receptordependent events [9] . We found that MUA and FPs recorded from different electrodes along the pyramidal cell layer both showed high temporal correlation during epileptiform discharges (Fig. 2B, C) . FPs propagated slower than MUA (Fig. 2D) , which suggests the presence of FP/spike dissociation during epileptiform synchronization; this has been found during the induction of long-term potentiation in the hippocampus [31] . In our study, the discharges were initiated in the CA3a-b region, and propagated to CA1
(anterograde) and CA3c (retrograde). When non-NMDA and NMDA receptors were activated in the high-K + model, interictal activity showed faster retrograde than anterograde propagation (Fig. 2D) . A previous study showed different regional expression of AMPA receptor subunits along the two pathways of the hippocampal pyramidal layer [32] .
Therefore, we postulate that the anterograde propagation chronic treatment in human brain [17] , some aspects of the epileptiform discharges (e.g. burst frequency and duration) were not influenced (Fig. 4) . Similar results have been found in the 4-aminopyridine model [33, 34] . These findings are in line with clinical evidence obtained by investigating the relationship between the interictal spiking rate and antiepileptic drug levels, which found that drug levels that influence seizure occurrence do not decrease the spiking rate (interictal epileptiform discharges) [35] . In the present study, we also found that VPA at a clinically-relevant concentration was sufficient to suppress the retrograde propagation of epileptiform discharges, but did not significantly affect the anterograde propagation speed (Fig. 4) . Dzhala et al. reported that the transition from interictal activity to ictallike sustained epileptiform discharges is preceded by an increase in the speed of discharge propagation [10] . So our results imply that VPA at 100 μmol/L can prevent the occurrence of ictal discharges by reducing the retrograde propagation speed of interictal epileptiform discharges.
In our experiments, we found that the bi-directional propagation speeds of epileptiform discharges in hippocampal slices were different (Fig. 2D) . In the VPA application experiments, the effects of VPA on propagation speeds also showed differences in the two directional pathways (Fig. 4) . As VPA suppresses the responses mediated by glutamate receptors (NMDA receptors) [36] , the more glutamate receptors present, the stronger the effects of VPA.
So we postulate that the effects of VPA on bi-directional propagation speed may reflect its inhibitory effects on the glutamate receptors. This implies that VPA should be used even in the chronic period, especially when interictal spiking is still observed in the EEG.
